A high-performance liquid chromatographic multiresidue method was developed for the determination of 8 penicillin compounds (benzylpenicillin, phenoxymethylpenicillin, ampicillin, amoxicillin, nafcillin, oxacillin, cloxacillin, and dicloxacillin) at trace levels in muscle tissue. This method involves extraction of the penicillins with phosphate buffer pH 9 followed by cleanup and concentration on a C 18 solid-phase extraction column and reaction with benzoic anhydride at 50°C for 5 min and with 1,2,4-triazole and mercury(II) chloride solution pH 9 at 65°C for 10 min. The derivatized compounds are eluted on a C 8 column with a mobile phase containing acetonitrile and phosphate buffer (pH 6; 0.1 mol/L) loaded with sodium thiosulfate and ion-pairing tetrabutylammonium hydrogenosulphate. The method detection limit is approximately 3-11 µg/kg and the limit of determination was evaluated down to 25 µg/kg in line with the criteria of the EU decision No. 93/256/EEC.
W hen used in food-producing animals, penicillins may give rise to harmful residues in meat products. To ensure human food safety, an EU Council Directive (1) sets maximum residue limits (MRLs) in the muscle tissues of food-producing animals at 50 µg/kg for ampicillin, benzylpenicillin, and amoxicillin and at 300 µg/kg for oxacillin, cloxacillin, and dicloxacillin (regulation No. 2701/94 of November 7, 1994) . Nafcillin has been prolonged under a provisional MRL of 300 µg/kg until January 1, 2001 , by a recent EU Council Directive (regulation 1850/97 of September 25, 1997; 2).
Several high-performance liquid chromatographic (HPLC) methods have been described for assaying penicillin residues in animal tissues and milk. This paper presents a simple and sensitive method for the determination of 8 penicillin residues in muscle tissue. We also include a description of a precolumn derivatization reaction (Figure 1 ) formerly proposed by Bundgaard and Ilver (3) for the determination of 9 penicillins and later used by Haginaka and Wakaï (4) for ampicillin in serum and urine, by for benzylpenicillin in animal tissues and milk, and by Verdon and Couëdor (8, 9) for ampicillin and isoxazolylpenicillins in milk. The method was evaluated as recommended by the EU Decision 93/256/EEC (10) . The selectivity, specificity, resolution, accuracy, precision, recovery, and limits of detection and quantitation of the method are provided.
Experimental

Reagents and Standards
Amoxicillin, benzylpenicillin (penicillin-G) sodium, phenoxymethylpenicillin (penicillin-V) potassium, ampicillin sodium, nafcillin sodium, oxacillin sodium, cloxacillin sodium, and dicloxacillin sodium were obtained from Sigma (St. Louis, MO). Methanol, isooctane, and acetonitrile were of analytical-reagent grade (Merck, Darmstadt, Germany). Demineralized ultra-pure water was obtained with a Milli-Q ultrafiltration unit from Millipore (Molsheim, France). Monobasic sodium phosphate anhydrous, dibasic sodium phosphate dihydrate, sodium thiosulfate pentahydrate, hydrogenosulfate tetrabutylammonium, benzoic anhydride, and mercuric chloride were purchased from Merck. 1,2,4-triazole was purchased from Sigma.
Apparatus
Centrifugation was performed with a refrigerated centrifuge (Model GR 4.11; Jouan, Nantes, France) and with an ultra-speed centrifuge (Model MR22i; Jouan). A vacuum manifold (Model Vac-Elut; Touzart et Matignon, Courtaboeuf, France) and Bond Elut C 18 cartridges of 6 cc and 500 mg (Varian, Harbor City, CA) were used for the solid-phase extraction (SPE). The liquid chromatograph was composed of a P1000XR pump (Thermo Separation Products, San Jose, CA), an AS100XR autosampler fitted with 500 µL loop and 0.25 mL syringe (Thermo Separation Products), a C 8 analytical column (150 × 3.9 mm id, 5 µm; Symmetry; Waters, Milford, MA), a C 18 guard column (4 × 4 mm, 5 µm; Licrospher100-RP18e; Merck), and a UV3000 multi-wavelength detector (Thermo Separation Products). Data acquisition and the HPLC system were controlled with a Pentium 100 station equipped with PC1000 software (Thermo Separation Products).
Mobile Phase
A phosphate buffer (pH 6.0 ± 0.2; 0.1 mol/L) containing 0.015 mol/L thiosulfate and 0.02 mol/L tetrabutylammonium hydrogenosulfate was prepared by mixing and dissolving 4.969 g anhydrous monobasic sodium phosphate, 10.139 g dibasic sodium phosphate dihydrate, 3.894 g sodium thiosulfate pentahydrate, and 6.791 g tetrabutylammonium hydrogenosulfate in 800 mL water and stirring with a magnetic spinbar. This solution was diluted to volume in a 1 L volumetric flask, mixed thoroughly, and filtered under vacuum through a 0.45 µm unit (Millipore, Bedford, MA). It was stored at 4°C and used for no more than 5 days.
When mixed by the pump, the mobile phase contained 650 mL of the 0.1 mol/L phosphate buffer pH 6.0 (0.015 mol/L thiosulfate and 0.02 mol/L tetrabutylammonium hydrogenosulfate) and 350 mL acetonitrile.
Extraction Solution
A phosphate buffer extraction solution (pH 9.0 ± 0.2; 0.1 mol/L) was prepared by dissolving 14.196 g dibasic sodium phosphate dihydrate in 1 L ultra-pure water. 
Elution Solution
An elution solution ES (50 + 50) for the SPE step was prepared each day by mixing 50 mL water with 50 mL acetonitrile.
Standard Preparative Solution
The standard preparative solution SPS (50 + 50) was prepared each day by mixing 50 mL acetonitrile with a 50 mL portion of 0.1 mol/L phosphate buffer pH 6.0 ± 0.2 (0.015 mol/L thiosulfate and 0.02 mol/L tetrabutylammonium hydrogenosulfate) previously adjusted to pH 8.0 ± 0.5 with 2 mol/L NaOH solution.
Derivatizing Reagent
The derivatizing reagent (2 mol/L 1,2,4-triazole and 0.01 mol/L mercuric chloride) was obtained by weighing 13.78 g 1,2,4-triazole in a 100 mL beaker, adding 60 mL water, and stirring with a magnetic spinbar to dissolve. This solution was mixed with 10 mL 0.1 mol/L mercuric chloride solution, adjusted to pH 9.0 ± 0.1 with 5 mol/L NaOH, transferred to a 100 mL volumetric flask, and diluted to volume with water. When refrigerated at 4°C and protected from sunlight, the derivatizing reagent can be stored for up to 2 months. Mercuric chloride is highly toxic and even skin contact must be avoided. 
Working Standard Solutions and External Calibration Curve
Separate solutions of 0.5 g/L of each of the 8 penicillin compounds were prepared by dissolving the appropriate weight of each pure reference standard in water. A range of 4 working standard solutions (WSS), each containing the 8 penicillins, were then prepared as described in Figure 2 . WSS were stored in a cool place (2°C < temperature < 8°C) protected from light. Stock solutions and working standard solutions were prepared fresh every 2 weeks to prevent degradation.
A calibration curve was constructed using external standard solutions by diluting 100 µL of the corresponding WSS with 900 µL of the SPS (50 + 50) into 5 mL glass tubes to obtain 4 levels of concentration of 125, 250, 500, and 1000 µg/L for amoxicillin, ampicillin, benzylpenicillin, and phenoxy-methylpenicillin, respectively, and 375, 750, 1500, and 3000 µg/L for oxacillin, cloxacillin, dicloxacillin, and nafcillin, respectively. The 4 standard solutions were then derivatized as described for the fortified muscle samples hereafter. 
Muscle Sample Fortification
Thawed blank muscle samples were ground and 5.0 g was placed in 50 mL centrifuge glass tubes. Volumes of 100 µL of each WSS were used to fortify the blank muscle samples to obtain spiked samples at 4 different levels of 25 µg/kg (1/2× MRL), 50 µg/kg (1× MRL), 100 µg/kg (2× MRL), and 200 µg/kg (4× MRL) for amoxicillin, ampicillin, benzylpenicillin, and phenoxymethylpenicillin, respectively, and 75 µg/kg (1/4× MRL), 150 µg/kg (1/2× MRL), 300 µg/kg (1× MRL), and 600 µg/kg (2× MRL) for oxacillin, cloxacillin, dicloxacillin, and nafcillin, respectively.
Extraction, Cleanup, and Analytical Procedure (a) Buffer extraction.-A volume of 30 mL phosphate buffer extraction solution pH 9.0 was added to a thawed and ground muscle sample (fortified or incurred) of 5.0 g. The suspension was mixed with a Vortex mixer for 1 min. Then, 20 mL isooctane was added to the mixture and the suspension was mixed with a Vortex mixer for 1 min and homogenized on a rotary homogenizer (RheaxII-Heildolph, Kelheim, Germany) for 5 min. The solution was centrifuged at 2200 × g for 10 min at 10°C, the organic phase was discarded, and the lower aqueous phase was transferred to a clean glass tube avoiding transfer of pieces of fat. The pH of the aqueous phase was adjusted to 8.5 ± 0.5 with 5 mol/L NaOH solution ( Figure 3 ).
(b) C 18 column cleanup.-A solvent reservoir of 50 mL was mounted onto the C 18 cartridge and placed with an adapter on the SPE vacuum manifold. The cartridge was conditioned with 10 mL methanol followed by 10 mL water, 5 mL 2% NaCl solution, and 5 mL phosphate buffer extraction solution pH 9.0. The cartridge was not allowed to run dry at this stage and the aqueous centrifuged supernatant was transferred into the reservoir and pulled through the C 18 cartridge with vacuum at a flow rate of ca 3 mL/min. Vacuum was stopped, washes were discarded, and the adapter and reservoir were removed from the cartridge. Then, 1 mL volume of the elution solution ES (50 + 50) was transferred to the cartridge and allowed to homogeneously soak the C 18 phase of the cartridge for 1 min. Vacuum was set back and the penicillins were eluted at a flow rate of ca 3 mL/min into a specific volumetric tube. The volume eluted was then adjusted to 1 mL with a 100-150 µL portion of ES (50 + 50) into the volumetric tube. By weighing the contents of the tube, the accuracy of the adjustment can be improved to 1 mL.
(c) Precolumn derivatization.-A volume of 50 µL of 0.2 mol/L benzoic anhydride was added to the eluate to acylate the amino-penicillins (amoxicillin and ampicillin). The tube was stirred on a Vortex mixer, then capped and put for 5 min in a water bath set at 50°C. Then, 500 µL derivatizing reagent (shaken or ultrasonicated just before using) was added to the eluate. The glass tube was capped, stirred with a Vortex mixer, and allowed to react for 10 min in a 65°C water bath. The tube was removed from the water bath, quickly cooled to room temperature, transferred to a vial, and centrifuged at 20 000 × g for 5 min. If protected from light, the vials containing the derivatized penicillins were stable for 24 h at 4°C and only slightly unstable at 30°C.
(d) LC determination.-A volume of 200 µL of the derivatized sample was injected into the HPLC system operating in an isocratic mode using a mobile phase of acetonitrile−0.1 mol/L phosphate buffer pH 6.0 ± 0.2 (0.015 mol/L thiosulfate and 0.02 mol/L tetrabutylammonium hydrogenosulfate; 35 + 65, v/v) at a flow rate of 1 mL/min. The peak area of each of the 8 penicillins was detected at 325 nm, with retention times ranging from 5.5 min for amoxicillin to 27.5 min for dicloxacillin (Table 1) . where A is the peak area of the fortified muscle sample, Ae is the peak area of the corresponding external standard solution, Ce is the concentration of the external standard solution, 5 represents the SPE reconcentration of the method (1 mL eluate for 5 g muscle), and R is the percentage of recovery of the method for the designed derivatized penicillin compound.
Calculations
(c) Statistical analysis.-Linearity of external standards, fortified muscle samples, estimated concentrations, and recoveries were analyzed using regression and analysis of variance (ANOVA). Dose independence of the recovery was also checked with a Student's t-test.
The limit of detection (LOD) was defined as 3× C/SN, where C is the concentration of the samples fortified at the smallest concentration validated (25 or 75 µg/kg) and SN is the signal-to-noise ratio of the mean response obtained with the same fortified samples to the mean response obtained with their blank counterparts. The limit of quantitation (LOQ) was defined under the same conditions, as LOQ = 10× C/SN. The precision of the method was assessed considering within-day and between-day variations. Over 4 days, the operator performed 3 trials each day for the 4 levels of concentration. Precision data were determined using the same operator and the same apparatus on muscle samples fortified at 25, 50, 100, and 200 µg/kg for amoxicillin, benzylpenicillin, phenoxymethylpenicillin, and ampicillin, respectively, and at 75, 150, 300, and 600 µg/kg for oxacillin, nafcillin, cloxacillin, and dicloxacillin, respectively.
Results and Discussion
Applicability
The method was applied to the analysis of 8 penicillin residues in muscle tissue. It was validated on fortified porcine muscle samples and successfully tested on fortified bovine and ovine muscle samples. With slight modifications in the extraction and in the chromatographic steps, the method can also be adapted to the determination of penicillin antibiotics in milk (9) and plasma (unpublished data). Further improvements should be applied to analyze penicillin antibiotics at the MRL level in other tissues, such as liver or kidney. Naturally incurred porcine muscle samples containing amoxicillin, ampicillin, or benzylpenicillin residues have also been prepared and successfully analyzed (unpublished data). 
Stability
The stability of the working standard solutions, the derivatized penicillins in the standard solutions, and the derivatized penicillins in extracted solutions were studied. Working standard solutions were considered stable for 3 weeks when stored at 4°C. Derivatized penicillins in standard solutions and in extracted solutions were considered stable when installed on the tray of the autosampler at 30°C or stored at 4°C (Figures 4A and B) . However, variations of 5 to 10% for the standard derivatives, and 5 to 20% for the derivatives of the extracted solutions were observed over a total period of 24 h. Studies of the stability of penicillin residues in muscle tissue subjected to different storage conditions are under investigation.
Practicability
The operator was able to prepare up to 18 extracted samples in 1 day without automation in the extraction/cleanup/derivatization procedure. Only the injection step was automated.
Specificity
The chromatograms corresponding to the extracts of blank muscle samples reveal no peak interfering with the penicillins ( Figure 5A ) except on amoxicillin for some muscle matrixes. It was always possible to separate amoxicillin from the coextractive by modifying the elution strength (decreasing the proportion of acetonitrile in the mobile phase from 35 to 34%). A so-called "reagent peak'' eluted at a retention time of 70 min, possibly initiated by a reaction of benzoic anhydride with the triazole-mercuric reagent. This reagent peak always appeared into the following chromatogram at 33 min. With time-adapted injections, the peak does not interfere with the chromatography of the derivatized penicillins ( Figures 5A-C) .
In addition, no interference with cephalosporin antibiotics was demonstrated. Cefazolin, cephapirin, ceftiofur, cefquinome, cefoperazone, cephalexin, cephalothin, cefuroxime, and cephalonium-compounds that can be found after some veterinary treatments-were not detected by this method.
Selectivity
The results in Table 1 highlight the selectivity of the method in terms of retention time variability. A mean retention time was calculated for each of the 8 compounds considering the analysis of all the fortified muscle samples used during the validation study (n = 47). A similar calculation is provided for the retention time variability of the standard samples used during the validation (n = 48). The resolution between the peaks of the 8 compounds was also evaluated (Table 1) . Most compounds were eluted with a good resolution (Rs > 1.5), but nafcillin and cloxacillin were not satisfactorily separated (1.0 < Rs <1.5) and a spectral analysis of both compounds was necessary to unequivocally determine the identity of the residues (Figures 6 and 7) . a R = mean recovery determined for the method by taking into account all the values corresponding to the 4 levels of concentration tested during the validation of the method (n = 48). a LOD = limit of detection (3 × C/SN) where C is the lowest level of concentration tested; SN = signal-to-noise ratio. b LOQ = limit of quantitation (10 × C/SN). c The limit of determination is expressed as the lowest concentration for which good precision and accuracy were assessed in accordance with point 1. a Acceptable limits of precision required by EU Decision 93/256/EEC (10) for a confirmatory method in terms of intra-laboratory repeatability.
( Table 2 ). Accuracy was measured by assaying 12 replicates for each level of concentration (only 10 replicates for the 50 [150] g/kg level) and by taking into account the recovery assessed on the whole validation period (Table 2) . Two fortified samples were discarded (one was statistically declared doubtful and the other was unavailable after tube breakage at the centrifuge step).
Limits of Detection, Quantitation, and Determination
The limits of detection were evaluated considering 6 different porcine muscle matrixes. They were assessed from 3 to 11 µg/kg ( Table 3 ). The limits of quantitation ranged from 10 to 36 µg/kg. The limits of determination were set at the lowest concentrations for which good accuracy and precision were obtained: 25 and 75 µg/kg (Table 3 ). These limits were in accordance with the criteria specified by points 1.2.3.5 and 1.2.6.2 of the EU Decision 93/256/EEC (10).
Precision
The mean RSDs of the within-and between-day repeatabilities (Table 4) were within the limits fixed by EU Decision 93/256/EEC (10) point 1.2.3.3, which specifies precision variations of analytical confirmatory methods for residues analysis, particularly those performed under repeatability conditions (i.e., within 14 to 19% RSD at 25 µg/kg level and within 12 to 16% at 75 µg/kg).
Conclusion
The present HPLC method allows simultaneous determination of 8 penicillin antibiotics at their EU MRL levels in muscle tissue. It was validated according to the criteria of EU Decision 93/256/EEC. The limit of determination was assessed at 25 µg/kg (1/2 MRL).
The method is simple and rapid. A trained operator can prepare 15-20 samples per day without automated systems. The method was tested for muscle, plasma, and milk with success, but must be improved with major modifications for kidney and liver tissues.
